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Department of Chemical Engineering, University of Washington, Seattle, WashingtonABSTRACT Molecular chaperones are large proteins or protein complexes from which many proteins require assistance in
order to fold. One unique property of molecular chaperones is the cavity they provide in which proteins fold. The interior surface
residues which make up the cavities of molecular chaperone complexes from different organisms has recently been identified,
including the well-studied GroEL-GroES chaperonin complex found in Escherichia coli. It was found that the interior of these
protein complexes is significantly different than other protein surfaces and that the residues found on the protein surface are
able to resist protein adsorption when immobilized on a surface. Yet it remains unknown if these residues passively resist protein
binding inside GroEL-GroEs (as demonstrated by experiments that created synthetic mimics of the interior cavity) or if the inte-
rior also actively stabilizes protein folding. To answer this question, we have extended entropic models of substrate protein
folding inside GroEL-GroES to include interaction energies between substrate proteins and the GroEL-GroES chaperone
complex. This model was tested on a set of 528 proteins and the results qualitatively match experimental observations. The inte-
rior residues were found to strongly discourage the exposure of any hydrophobic residues, providing an enhanced hydrophobic
effect inside the cavity that actively influences protein folding. This work provides both a mechanism for active protein stabiliza-
tion in GroEL-GroES and a model that matches contemporary understanding of the chaperone protein.INTRODUCTIONSome of the most remarkable processes in nature are those
that do not involve specific molecules, but instead have vari-
ability in the component molecules: many types of proteins
may be synthesized with the same transcription-translation
mechanism, DNA may be replicated irrespective of its
sequence, and most proteins have a folded state. These
processes are nonspecific in the sense that they do not
depend on the exact structure or sequence of the component
molecules. One of these nonspecific effects is that nearly all
proteins have a funnel-like free-energy surface that gives
them a well-defined structure (1). The nonspecificity of
protein folding is not an abstract concept either; there
are compounds—for example, osmolytes—that can both
destabilize and enhance folding, independent of the protein
identity (2).
The stabilizing effect of molecular chaperones on
proteins is another important example of such a nonspecific
process. These molecular complexes are able to nonspecif-
ically help proteins fold or correct their misfolding. They
contact many protein types and reversibly bind with them
while stabilizing their folding (3). This property of nonspe-
cifically resisting irreversible binding with the proteins to
be folded is sometimes called ‘‘non-stick’’ (4). The most
well-characterized chaperone protein is the GroEL-GroES
complex found in Escherichia coli from the chaperonin
family. This large complex has a sevenfold symmetry, and
may be described as a macromolecular machine (3). Briefly,
misfolded substrate proteins bind to the interior cavity ofSubmitted May 24, 2012, and accepted for publication October 31, 2012.
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that encases the substrate protein inside a chamber. Seven
ATP molecules bind to the complex and it undergoes a
conformational change that affects the interior cavity con-
formation. The substrate protein then attempts to refold in
the cavity until ATP hydrolysis, after which GroES unbinds,
the substrate protein unbinds, and the cycle begins anew—
either with the same protein because it failed to refold
correctly, or with another protein (5).
This description is a simplification of a relatively compli-
cated process, and there are open questions about this
process. For example, it is unknown how deterministic the
process is (6). In addition, it is unknown if the protein
refolding is actively encouraged by changing the folding
free energy, or if GroEL-GroES simply gives proteins
another chance to fold free of other macromolecules
interfering. A few recent reviews have been written on the
topic (3,7).
Recent research has quantified the interior cavity surface
of GroEL-GroES along with four other molecular chaper-
ones (8). It was found that these interior surfaces have
a high amount of lysine and glutamic acid. Furthermore,
when these two particular amino acids are used to create
a surface, proteins are unable to irreversibly adsorb onto
the surface, providing direct experimental evidence for
the nonstick property of molecular chaperones. However,
some outstanding questions remain:
Is the resistance of protein adsorption a passive effect that
allows proteins to fold free of the interference of other
macromolecules, or are proteins actively stabilized?
Can a molecular chaperone actively interact nonspecifi-
cally to stabilize protein folding?http://dx.doi.org/10.1016/j.bpj.2012.10.040
Nonspecific Chaperone Interactions 2485In this work, we show that a simple model of interactions
between proteins and the GroEL-GroES interior captures
the trends observed in experiment. The model demonstrates
that it is possible for GroEL-GroES to nonspecifically assist
the folding of a large number of proteins through changes to
the free energy of protein folding in its interior cavity. The
mechanism of this stabilization is the enhancement of the
hydrophobic effect inside the cavity; GroEL-GroES strengths
the energetic difference between having hydrophobic groups
exposed on the surface and having polar groups exposed.
In addition to enlightening the role of nonspecific interac-
tions in biological systems, there is an interesting connection
between surfaces that resist nonspecific protein adsorption
and molecular chaperones. Nonspecific protein adsorption
affects biosensors, biomedical implant coatings, and even
marine coatings of commercial ships (9), where the preven-
tion of nonspecific protein adsorption is essential. As
mentioned above, molecular chaperones provide a naturally
occurring example of resisting protein adsorption. They
contact many misfolded protein types, yet the molecular
chaperones are able to unbind them. Thus, a better under-
standing of GroEL-GroES can directly apply to the creation
of new materials that resist nonspecific protein adsorption.
There has been previous research into molecular simula-
tions of specific proteins in GroEL-GroES models (10,11).
Such research can be used to test scaling arguments or vali-
date other models that generalize too many proteins. In this
work, we exploit the lack of specificity in GroEL-GroES to
make a model simple enough to be independent of the
folding details of substrate proteins enclosed by GroEL-
GroES yet accurate enough to match contemporary experi-
mental understanding. This avoids the nearly impossible
molecular simulations necessary to consider fully atomistic
protein folding inside the GroEL-GroES complex. The
model developed in this work treats proteins at a simple
level, which enables analysis of the folding of hundreds of
proteins in GroEL-GroES. Confinement effects are included
to determine which effects are most important, and because
confinement has been proposed as the mechanism of action
for the folding assistance of proteins (12).
This work can be divided as follows. In Methods and
Model, we develop our model of protein folding inside the
GroEL-GroES system. In Results, we describe our model
results on proteins found in E. coli and optimize the model
to predict a hypothetical best GroEL-GroES interior surface
and compare this to the molecular chaperones found in other
organisms. InDiscussion andExperimental Comparisons,we
compare the model results with experiments and discuss its
implications for designing protein resistant materials. We
then present our Conclusions.METHODS AND MODEL
The Protein DataBank (PDB) codes and data used are available at
http://sqlshare.escience.washington.edu (13). The E. coli data are splitinto three tables: ‘‘ecoli_nogaps_1.csv’’, which contains the per protein
data; ‘‘ecoli_nogaps_2.csv’’, which contains the per residue data; and
‘‘ecoli_backbone_contacts.csv’’, which contains the data used to calculate
the interactions energies. The E. coli proteins were selected from the
Protein DataBank (PDB) with the following stipulations:
--- homolog cutoff of 40%;
--- x-ray resolution <2.5 A˚;
--- ‘‘mutant’’ must not appear in the title;
--- no large ligands (e.g., DNA, RNA);
--- the only macromolecule in the structure is a protein;
--- the number of residues is >100; and
--- no gaps within a chain can appear in the structure.
The statistical analysis was done using the R Statistics Language and
Program (14). A residue was classified as on the surface when its surface
area is 30% of its maximum surface area. The choice of 30% is commonly
used and, in general, residues that are buried have no surface area so the
results are relatively insensitive to cutoffs between 10 and 50% (see the
Supporting Material) (8,15). Surface area was calculated using accessible
surface area (16). The maximum surface area for a given residue was
defined as the surface area occupied by the side-chain atoms of a free
Gly-X-Gly peptide, with X being the residue of interest. The backbones
were taken to be a-helical and the lowest energy c-rotamers were used
(17) for these tripeptides. Once the surface residues are identified, the
surface residue fractions, pi
f, can be calculated for each protein, which
are used in the model.
The algorithm describing the identification of interior surface residues
of the GroEL-GroES complex can be found in the Supporting Material.
The radii of gyration for the GroEL trans and GroEL-GroES cis confor-
mations were calculated from the C-a carbons from residues that were
identified as interior. The characteristic lengths for these two conformations
are 29.96 and 46.4 A˚ for cis and trans conformations, respectively. The
number of residues used in the model calculations was taken from the
ATOM lines in the PDB files. This number was used for the calculation
of the random-coil radius of gyration.Model description
A model is developed here which describes the influence of GroEL-GroES
on protein folding. There have been previous efforts to quantify the influ-
ence of molecular chaperones on protein folding (18,19). Here, we extend
these entropy-based arguments to include an enthalpy term derived from the
distribution of residues from White et al. (8). In that work, the fractions of
each amino acid found on the interior cavities of molecular chaperones was
calculated. This quantitative model can provide folding free-energy pertur-
bations (DDA) which describe the effect of encapsulation in GroEL-GroES
on protein folding using the knowledge of this residue distribution and the
radii of the protein and GroEL-GroES. The folding free-energy perturbation
may also be interpreted as a type of free-energy excess function, which
quantifies the difference between folding free energy in the ideal case (no
chaperone) and with chaperone. This term includes both the entropic
confinement effects and energetic interactions between amino acids. There
are some features that are lacking from this model, among which the most
important are considering clusters of residues (e.g., a hydrophobic patch),
the flexibility of GroEL, and the kinetics of this process. This model is
only parameterized for E. coli GroEL-GroES, which will be referred to
in this article as ‘‘GroEL-GroES’’. We begin with the expression of free
energy of protein folding,
DA+ ¼ U+  TDS+; (1)
where the degree mark () indicates without the influence of GroEL-GroES.
We will use a simple two-state model for protein folding, where the first
state is all unfolded conformations, represented by a random coil state,
and the second state is the folded conformation. The entropic effect ofBiophysical Journal 103(12) 2484–2491
FIGURE 1 The model results of 528 E. coli proteins. The y axis is the
predicted folding free-energy perturbation from the open or trans GroEL
complex. A negative number indicates stabilization. The x axis indicates
the perturbation from the closed or cis GroEL-GroES complex. Most
hypotheses of the GroEL-GroES complex action predict that the closed
form should be the most stabilizing, which is indeed observed for the
majority (98%) of the proteins (seen above the dashed line).
2486 White et al.confinement on the folded state is considered to be negligible due to that
state’s collapsed conformation. The entropic effect of confinement on the
unfolded state inside GroEL-GroES is described by a scaling exponent
from Takagi et al. (18), who used a Go-like model to evaluate scaling argu-
ments for spherical confinement. The entropic effect on folding is given by
DS ¼

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
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where Sfold is the folded state entropy with GroEL-GroES; S

fold is the
folded state entropy without GroEL-GroES, and likewise for the unfolded
state (coil); L is the characteristic size of the confinement, which is the
radius of the GroEL-GroES cavity; k is the Boltzmann’s constant; Rg is
the random coil radius of gyration; and 3.25 comes from Takagi et al.
(18). The confinement effect is positive because the unfolded protein state
cannot occupy conformations that are larger than the cavity. For GroEL,
the confinement of the substrate protein is modeled as a random coil in
cylindrical confinement, which changes the exponent to 5/3 from 3.25
(20). The value Rg for random-coil state proteins is given by
Rg ¼ Nnl; (3)
where n was shown to be 0.6 by Kohn et al. (21), N is the number of amino
acids, and l is the Kuhn length, which was estimated to 1.93 A˚ for a large
collection of proteins (21).
The internal energy perturbation comes from interactions between
the proteins and the interior surface of the GroEL-GroES complex. It is
given by
DU ¼ DU+ þ Efold  Ecoil; (4)
where E is the interaction energy between the protein and chaperone,
given by
E ¼ Ns
X20
i
X20
j
pi cij p
g
j ; (5)
where Ns is the number of residues on the surface, pi is the fraction of
residue type i on the surface of the protein, cij is the energy of the interac-
tion between residues of type i and type j, and pgj is the fraction of residues
of type j on the interior surface of the GroEL-GroES complex. The pgj
values were calculated as described in White et al. (8). In that work, surface
residues were identified by measuring their accessible surface area (16) and
the interior surface residues of GroEL-GroES were identified using
a geometric algorithm. The value Ns is used because we assume the number
of interactions to be equal to the number of surface residues. This assumes
there are not multiple interactions and that the number of chaperone resi-
dues is large enough that they do not limit the interactions.
The interaction energies, cij, are the only energy terms in the model.
Thus, all of our energy values depend on the accuracy of these interaction
energy terms. These values were derived using the knowledge-based or
quasichemical approach, which is employed in protein structure prediction,
among other fields (22). The process uses experimental crystallography
data and is described in the Supporting Material. The last term is pi, the
fraction of each amino acid. This was calculated for the folded state by
tabulating the residues present on the surface of a protein according to
White et al. (8). The unfolded state’s residue distribution is assumed to
be the same as the whole-protein residue fractions. A more sophisticated
model would consider the influence of the chaperone on the unfolded
residue distribution, which would likely lower the magnitude of the change
in interaction energy between folded and unfolded proteins. However, suchBiophysical Journal 103(12) 2484–2491a model would inevitably involve simulating protein geometry and greatly
complicate the model. The collection of pi values will be called the residue
distribution.
Equations 2–5 can be combined into Eq. 1 and rearranged to give
DA ¼ DA+ þ DDA
DDA ¼ P20
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where the f indicates the folded state, u indicates the coil state, and the Rfg/
Rug term is due to the change in the number of surface residues in the
unfolded state and is described in the Supporting Material.RESULTS
The model results from a sample of E. coli proteins are
shown in Fig. 1. The x axis shows the free energy of folding
perturbation (DDA) due to confinement in the closed, or cis,
GroEL-GroES complex and the y axis shows DDA for the
open, or trans, GroEL protein. The two deltas indicate
free-energy perturbations to free-energy differences, specif-
ically perturbations to the free-energy difference upon
protein folding. As expected, all the points are on the left
of the green line, meaning all proteins examined are stabi-
lized by the closed form of the GroEL-GroES complex.
This is essential for a model of GroEL-GroES. The median
DDA for the closed GroEL-GroES complex is 14.8 kT,
or36.9 kJ/mol at 300 K (0.10 kJ/mol$residue). The dashed
gray line separates those proteins that are stabilized more
by the open form from those that are stabilized more by
the closed form.
As seen in the plot, most proteins are stabilized more by
the closed form because they lie above that line. A few small
proteins near the origin lie below this line. This matches the
mechanism for GroEL-GroES (23), which shows that
the model performs well. The median change in DDA
between the closed and open forms of GroEL is 10.5 kT
or 26.2 kJ/mol at 300 K. The blue line indicates which
Nonspecific Chaperone Interactions 2487proteins have a stabilized fold when encapsulated by the
open form. The proteins are weakly stabilized by the open
form; all the points lie below the blue line. This does not
follow the expected mechanism for GroEL, which should
show positive DDA values. GroEL should destabilize pro-
teins; it interacts preferentially with misfolded proteins.
This discrepancy is described in detail below. Overall, the
model can assign a quantitative free energy to the confor-
mational changes observed between the open and closed
forms of the GroEL-GroES complex; it matches what is
understood from experiments; and it shows that the closed
form of GroEL-GroES stabilizes protein folding.
Arguably, the most well-established hypothesis on the
mechanism of action for GroEL-GroES includes a preferen-
tial binding of misfolded proteins to GroEL (7,24–26). Our
model does not predict that the open form generally stabi-
lizes the unfolded state. The cause of this can be determined
by breaking down the model into entropy and internal
energy terms as shown in Fig. 2. The open form is indeed
energetically destabilizing, as indicated by the positive
values for the internal energy. However, the entropy is stabi-
lizing in the open form. This is due to the small size of the
open form, especially relative to the closed form of GroEL-
GroES. The characteristic open length is 29.96 A˚, compared
with 46.4 A˚ for the closed form. The preferential binding
of a misfolded protein may still occur because the hydro-
phobic regions exposed while unfolding may be the only
part of a substrate protein sequestered in the open form,
whereas the remaining residues are outside. Or, more likely,
the two-state model is an oversimplification. Many of the
misfolded protein conformations may be smaller than the
random coil state yet still have hydrophobic residues
exposed. Such conformations would indeed bind more
favorably to GroEL than the native conformations. Their
smaller size would decrease the magnitude of confinement,
yet the misfolded conformations would still interact favor-FIGURE 2 The folding free-energy perturbation from the GroEL trans or
open form. The contribution to the folding free-energy perturbation from
the change in internal energy is plotted on the y axis. The internal energy
is nearly always positive, indicating all proteins are energetically destabi-
lized in the closed form. The entropy or confinement contribution to the
folding free-energy perturbation is shown in the x axis. It is negative for
most of the proteins. (Points below the dashed lines) These are stabilized
more by confinement than they are destabilized by internal energy.ably with the GroEL residues, which favorably interact
with unfolded residue distributions.
It is important that the model does predict that proteins
will be energetically perturbed toward unfolding in the
open form from the interaction energy. The cause for the
difference in interaction energies between the open and
closed forms is from the residue distribution, which is shown
in Fig. 3. There is a large change in the number of hydro-
phobic residues and charged residues. The leucine and
isoleucine perturb proteins toward unfolding, whereas as-
partic acid, glutamic acid, and lysine strongly perturb
proteins toward folding (see Table S2 in the Supporting
Material). Another interesting feature to note is the exchange
of arginine with lysine between the two distributions.
Lysine is more stabilizing than arginine (see Table S2).
The effects of confinement and the cavity surface in the
closed form can be compared by again breaking the model
equations into entropy and internal energy terms, as shown
in Fig. 4. The effect of confinement, or entropy, on the
folding free-energy perturbation is plotted on the x axis;
the effect of the cavity surface, or internal energy, is plotted
on the y axis. This plot shows that the internal energy is
more important at the smaller protein sizes, where confine-
ment has a negligible effect. The exponent on the entropy
term, however, causes the term to grow quickly as the radius
of gyration of the random-coil state increases. This causes
the trend to curve at the bottom of the plot. The dashed
line indicates the separation between proteins that are
stabilized more by entropy and those that are stabilized by
internal energy. In general, the proteins are more stabilized
by the internal energy due to interactions between the
proteins and the surface of the cavity.
The reason for this strong effect is the high number of
charged residues on the interior cavity. Charged residues
enhance the hydrophobic effect through their unfavorable
interactions with hydrophobic groups. Aspartic acid in
particular has the most unfavorable interactions with hydro-
phobic groups followed by asparagine and glutamic acid
(see Table S2). Equally important is that the chargedFIGURE 3 The residue fractions for the open or trans GroEL conforma-
tion (N¼ 394) and the closed or cis GroEL-GroES complex (N¼ 119). The
key feature here is which residues change. There is a higher fraction of
charged residues in the closed form; the open form does have more hydro-
phobic residues, specifically leucine, isoleucine, valine, and methionine.
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FIGURE 4 The folding free-energy perturbation from the GroEL-GroES
cis or closed form. The contribution to the folding free-energy perturbation
from the change in internal energy is plotted on the y axis. The internal
energy is nearly always negative, indicating nearly all proteins are energet-
ically stabilized in the closed form. The entropy or confinement contribu-
tion to the folding free-energy perturbation is shown in the x axis. It is
negative for all of the protein. (Points above the dashed lines) These points
are stabilized more by confinement than the internal energy, which is rare
except for the larger proteins. Note that proteins that cannot fit into the
GroEL-GroES complex whereas folded are not included in this analysis.
FIGURE 5 Extreme values for the model as the residue fractions are
changed to single components, where the fraction is 1 for one residue
type and 0 for all others. The median folding free-energy perturbation as
predicted by the model from GroEL-GroES on 528 E. coli proteins is shown
on the y axis. The x axis is the single residue type, which is maximal. For
example, the A indicates that only alanine is present on the surface of the
GroEL-GroES and the bar height is the median folding free energy for
E. coli proteins if only alanines were present in GroEL-GroES. The plot
shows that the isoleucine destabilizes proteins the most, along with other
hydrophobic residues as expected. Aspartic acid is the most stabilizing
residue, followed by asparagine, glutamic acid, and lysine. Cysteine is
not expected to be stabilizing or destabilizing due to its unique disulfide
bonding.
2488 White et al.residues have favorable interactions with charged and polar
residues, which are most common on the surface of proteins
(8). In particular, lysine is the most common residue found
on the surface of E. coli proteins, and thus aspartic and glu-
tamic acid, which interact very favorably with lysine, have
a very low interaction energy with the surface of proteins
(see Table S2). This effect of internal energy and the role
of the interior cavity of the GroEL-GroES complex is still
an open question, with much of the recent discussion in
literature focused on the role of water (27–30). Water is
included implicitly in our model through the residue-residue
interaction terms, which come from experimental crystal
structures containing water. The internal energy effect on
protein folding is a nonspecific effect and independent of
the geometry of interactions.Ideal cavity surface
Now that it is possible to quantify folding free-energy pertur-
bations, we can treat the interior surface of the GroEL-
GroES complex as a design variable in order to maximize
the magnitude of the folding free-energy perturbation.
That is, we may consider an idealized GroEL-GroES where
all residues are alchemically transformed to give an ideal
residue distribution. This will demonstrate which residues
are most important in stabilizing proteins in GroEL-GroES.
The geometry of the cavity will not change in this analysis,
only the residue identities. The model equations are linear
in the residue fractions of the GroEL-GroES surface (Eq.
6) and the fractions are bound between 0 and 1. The extreme
values of the model thus occur when any residue fraction is
1 and the others are 0. This is plotted in Fig. 5, where the
x axis labels indicate which residue fraction is 1 (with all
others being 0) and the y axis is the median DDA. For
example, the bar labeled D shows what the median freeBiophysical Journal 103(12) 2484–2491energy of the 528 E. coli proteins would be if every residue
on the interior surface GroEL-GroES were replaced with as-
partic acid. Aspartic acid is the most stabilizing residue, fol-
lowed by asparagine. Their median DDA values are 27.6
and 23.1 kT, respectively. The actual GroEL-GroES
residue fraction has a median DDA value of –14.8 kT, which
is shown in the horizontal dashed line.
After aspartic acid and asparagine comes glutamic acid,
lysine, and arginine, meaning four of the five most stabi-
lizing residues are charged. The charged residues are the
most important for stabilizing protein folding. Therefore,
the high number of charged residues seen in chaperone
proteins is not so unexpected. The reason for charged resi-
dues being so stabilizing is that they have the largest differ-
ence in interaction energies between a folded and unfolded
protein (see Table S2). Among the uncharged residues,
asparagine is the most stabilizing. Asparagine is similar in
geometry to aspartic acid but contains an amide functional
group. We can gain some insight into the effect of the nega-
tive charge by examining the difference between aspartic
acid and asparagine. Specifically, asparagine has more
favorable interactions with hydrophobic residues (0.25 vs.
0.49 kT) and much more favorable interactions with
aromatic residues (0.06 vs. 0.22 kT) (see Table S2). Thus,
the negative charge seems to repel aromatic groups and
hydrophobic residues slightly more, which are more
common on the interior of proteins as opposed to their
surface. As expected, the residues that most perturb folding
free energies away from folding are the hydrophobic resi-
dues: valine, leucine, and isoleucine.
The mutations between the Thermus thermophilus and
E. coli GroEL-GroES complex (8) can be better understood
from the results described above and those shown in Fig. 5.
Nonspecific Chaperone Interactions 2489The large increase in lysine and glutamic acid relative to
E. coli GroEL-GroES stabilizes protein folding more inside
the T. thermophilus GroEL-GroES complex. There is a cor-
responding decrease in alanine, glycine, proline, serine,
threonine, leucine, and isoleucine on the surface. All those
residues stabilize protein folding less than glutamic acid
and lysine, or else they destabilize protein folding. There
is a decrease in aspartic acid as well, though it is small in
comparison to the increase of the other charged residues.DISCUSSION AND EXPERIMENTAL
COMPARISONS
There is debate in the study of molecular chaperone proteins
about whether they directly perturb the free energy of
folding for a protein (7). Some researchers have argued
that the mechanism of GroEL-GroES may be explained
without GroEL-GroES stabilizing the protein folding (31).
It is clear that it is possible to stabilize a protein fold through
nonspecific interactions. For example, osmolytes can
accomplish this. Further, there exists a general residue
distribution on the surface of proteins and on the interior
of proteins (8). It is possible for a surface to create favorable
interactions with those residues and thus nonspecifically
make a folded state more favored than an unfolded state.
Alternatively, a surface may have strongly unfavorable
interactions with those residues that are not seen on the
surface of proteins (hydrophobic residues). Therefore, it is
possible for the cavity of GroEL-GroES to stabilize protein
folding via its surface chemistry. It would be surprising if
nature did not make use of this. The model presented here
shows that the effect is significant: the folding free-energy
perturbation is 10 kJ/mol per 100 residues. Additional
evidence for this can be seen from the fact that the interior
cavity of GroEL-GroES is unlike what is typically seen on
the surface of E. coli proteins. There is a folding free-energy
perturbation from GroEL-GroES.
There is a remaining question of why aspartic acid is less
common than glutamic acid inside the chaperone cavities.
However, this is not always the case; for example, a group
II chaperonin protein isolated fromMethanococcus maripa-
ludis (32) has slightly more interior aspartic-acid than gluta-
mic acid (8). However, generally glutamic acid is present in
more than double the amount of aspartic acid. The two acids
have similar hydration free energies (33), similar interaction
energies, and size. A difference that may explain the prefer-
ence of GroEL-GroES for glutamic acid is that glutamic
acid interacts less than aspartic acid (8). Essentially, aspartic
acid has more protein-stabilizing interactions, given that it is
interacting, but glutamic acid interacts less while still
having stabilizing interactions.
The effects of confinement have been studied experimen-
tally through tail-multiplication studies (31,34). A Gly-Gly-
Met tail found at the C-terminal of WT-GroEL-GroES may
be extended to decrease the volume of the closed conforma-tion by ~4% per tail multiplication. At four tails, a drastic
decrease in activity is observed for large and small substrate
proteins, though the effects at shorter tail-lengths are imper-
ceptible (31). The change in entropy predicted from the
model for these tail multiplication studies is approximately
the same as the change in volume
VfR3;DDSfR3:25;DDSfV1:08

:
Thus, even at four tails, the effect on entropy is modest, with
a 13% decrease. This is supported from the results of Farr
et al. (31), which showed most of the change in GroEL-
GroES activity for the four-tail GroEL-GroES mutants is
due to changes in ATPase activity. Thus, the magnitude of
confinement in our model is consistent with experiments.
There have been experiments exploring the hydrophilic
character of the interior cavity of GroEL-GroES through
mutations (31,35). Most mutations that affect only the
closed GroEL-GroES conformation have shown negligible
effects on the activity of GroEL-GroES (4), with the excep-
tion of two mutations that created a net neutral charge for
the interior cavity (35). Our model is unable to account
for the loss of activity when the interior cavity becomes
neutral; those particular results may be due to a change in
the structure of GroEL-GroES or some other large-scale
effect. Neglecting these two mutation results, the other 11
mutation sets referenced were all without effect in experi-
ments. According to the model, two of the most mutated
variants have median folding free-energy perturbations
of 13.3 and 14.7 kT for the E252A/D253A/E255A
mutant and D359N/D361N/E363Q, respectively. These
mutations are too slight to overcome the effect of the other
charged residues and confinement. According to the model,
only drastic mutations may produce an effect without
removing the negative charge inside the cavity. Eight
lysine-to-leucine mutations and eight aspartic acid-to-
leucine mutations would keep the negative charge but
strongly increase the folding free-energy perturbations
(destabilizing proteins) enough to cause positive folding
free energies in 25% of the proteins. Interestingly, mutation
counts below that number are still not significant enough to
overcome both the other hydrophilic residues’ stabilization
and the confinement entropy. Alanine-to-aspartic acid
mutations may increase the folding free perturbations (stabi-
lizing proteins), although it is generally difficult to increase
wild-type activity.
There are experimental results showing which proteins
strictly require GroEL-GroES, so-called Class III proteins
(36). Model calculations on Class III proteins which have
crystallography structures (see Table S3) produced a higher
median free-energy perturbation value of –22.0 kT
compared with –14.8 kT for the E. coli dataset. The pertur-
bation is stronger, as expected. Compared to proteins
of similar size, though, it is not significantly different.
Thus, it appears that their GroEL-GroES dependence isBiophysical Journal 103(12) 2484–2491
2490 White et al.a combination of their higher free energies of folding and
stronger effect from GroEL-GroES.
More direct evidence for the role of charged residues and
asparagine may be found from experiments studying
nonspecific protein adsorption on self-assembled mono-
layers of oligo-peptides. Glutamic acid and lysine combina-
tions and poly-asparagine have been shown previously to
resist irreversible protein adsorption, demonstrating that
these residues strongly prefer interacting with protein
surfaces (reversible binding) and not all protein residues
(irreversible binding) (8,37,38). In fact, these self-assem-
bled monolayers function quite similarly to GroEL-GroES
in their ability to bind proteins reversibly. Other research
has shown that asparagine and aspartic acid have the lowest
nonspecific protein adsorption, following the trend seen in
the model (39).CONCLUSIONS
Molecular chaperones have a unique distribution of residues
in their interior cavities that have large fractions of charged
residues (7,8). In the GroEL-GroES chaperonin found in
T. thermophilus, the interior cavity has 70% charged resi-
dues (8). The role of these charged residues is to stabilize
protein folding inside the chamber by increasing the hydro-
phobic effect, as demonstrated through the simple model of
protein folding inside GroEL-GroES presented here. Thus
GroEL-GroES stabilizes a large number of proteins through
interactions between protein surfaces and the interior cavity
of GroEL-GroES. The median free-energy perturbation on
folding free energy in GroEL-GroEL isolated from E. coli
is 10 kJ/mol per 100 residues for a diverse sample of
528 E. coli proteins. This model provides predictions that
are qualitatively consistent with the hypothesized mecha-
nism of GroEL-GroES and experiments, and captures the
behavior of both confinement entropy and energetic effects
from the surface chemistry of GroEL-GroES. The residues
providing the most protein stabilization are aspartic acid,
glutamic acid, asparagine, and lysine, of which lysine, as-
partic acid, and glutamic acid are present in high amounts
on the interior surface of many chaperone proteins (8).
This research brings a better understanding of how nature
is able to interact nonspecifically with proteins.SUPPORTING MATERIAL
Method for identifying interior cavity of chaperone proteins, scaling term
for (Eq. 6), visualization of the cavity interiors, detailed description of
energetic terms for (Eqs. 5, 6.), and reference (40) are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(12)01196-4.
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